Minimal gauge origin of baryon triality and flavorful signatures at the LHC  by Lee, Hye-Sung
Physics Letters B 704 (2011) 316–321Contents lists available at SciVerse ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Minimal gauge origin of baryon triality and ﬂavorful signatures at the LHC
Hye-Sung Lee
Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA
a r t i c l e i n f o a b s t r a c t
Article history:
Received 1 July 2011 
Received in revised form 23 August 2011 
Accepted 12 September 2011 
Available online 16 September 2011 
Editor: M. Cveticˇ
Baryon triality (B3) is a Z3 discrete symmetry that can protect the proton from decay. Although its 
realization does not require supersymmetry, it is particularly appealing in the supersymmetry as an 
alternative to the popular R-parity. We discuss the issues in gauging B3, and present the minimal su-
persymmetric model with B3 as the remnant discrete symmetry of a TeV scale U (1) gauge symmetry. 
A ﬂavor-dependent U (1) charge is necessary to achieve this, and it results in very distinguishable and 
ﬂavorful predictions for the LHC experiments. We ﬁnd a complementarity between a 2-lepton sneutrino 
resonance and a 4-lepton Z ′ resonance in the supersymmetry search when a certain condition is satis-
ﬁed.
In addition, we introduce baryon tetrality (B4), which would play an equivalent role if there are four 
fermion generations.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
While the standard model (SM) of particle physics has been 
extremely successful in explaining data, it also casts a puzzle as-
sociated with the quantum correction of the Higgs boson mass. 
Supersymmetry (SUSY) is a prevailing new physics paradigm that 
can address the issue elegantly, yet a mere supersymmetrization of 
the SM creates other problems. Some problems such as fast proton 
decay originate from the fact that the lepton number (L) or baryon 
number (B) violations occur at the renormalizable level unlike the 
SM. This is because of the scalar ﬁelds which are superpartners of 
the SM fermions in the SUSY.
An additional mechanism to control L/B violations is a categor-
ical requirement of any SUSY models. While a discrete symmetry 
is presumably the simplest option, it is preferred to be accompa-
nied by a gauge origin to avoid any potential breakdown by Planck 
scale physics [1].
A typical example of the discrete symmetry from a U (1) gauge 
symmetry in SUSY is R-parity (equivalently, matter parity) from 
U (1)B−L gauge symmetry [2,3]:
U (1)B−L → R2. (1)
R-parity forbids all renormalizable level L/B violating operators 
and protects the proton from them. Another merit of the R-parity 
is that it makes the lightest supersymmetric particle (LSP) stable, 
providing a dark matter candidate.
E-mail address: hlee@bnl.gov.0370-2693 © 2011 Elsevier B.V. Open access under CC BY license.
doi:10.1016/j.physletb.2011.09.040The minimal supersymmetric standard model (MSSM) which 
uses R-parity has been extensively exploited in the literature as a 
TeV scale SUSY model, and the most experimental search schemes 
for the SUSY are based on this model. (For a review, see Ref. [4].) 
While the MSSM remains as a charming possibility, it is compul-
sory to investigate other possibilities for the TeV scale SUSY model. 
After all, the MSSM is not the only possibility and the best search 
strategy of the SUSY as well as the associated Higgs and dark 
matter search strategies at the Large Hadron Collider (LHC) exper-
iments in other models can be different.
In this Letter, we present a SUSY model with B3 (baryon tri-
ality) as the only remnant discrete symmetry from a U (1) gauge 
symmetry with the minimal particle spectrum:
U (1)B−xi L → B3. (2)
As we will show later, when the minimal particle spectrum is as-
sumed, family-dependent U (1) charges are required. (See Ref. [5] 
for a general discussion about the family-dependent U (1) charges.)
When an Abelian gauge symmetry is introduced in the SUSY 
framework, its typical scale is TeV scale if it has ordinary size 
of couplings. The masses of scalar fermions get an extra D-term 
contribution from the U (1) gauge symmetry. If the SUSY is the so-
lution to the gauge hierarchy problem, the scalar fermions (such 
as scalar top) should not be much heavier than the electroweak 
or TeV scale. Thus the scale of a new U (1) gauge symmetry or its 
gauge boson (Z ′) should not exceed TeV scale unless there is a can-
cellation mechanism. The exceptions to this argument can occur 
when the U (1) symmetry breaking is associated with an F and D
ﬂat directions. (For the detailed discussion on the U (1) symmetry 
breaking scales, see Section III in Ref. [6] and references therein.)
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likely around TeV scale which is within the scope of the LHC ex-
periments. A TeV scale Z ′ combined with the unique features of
the new symmetry can lead to very distinguishable predictions for
the LHC collider experiments, as we discuss brieﬂy later in this
Letter.
In addition, we discuss the case when the fermion generation
is four to reﬂect recent ample interest in the 4th-generation sce-
narios. We introduce B4 (baryon tetrality) from
U (1)B−xi L → B4, (3)
which can play the similar role of the B3 in the 4th-generation
scenario.
The outline of the rest of this Letter is given as following. In
Section 2, we describe the B3. In Section 3, we describe the condi-
tions for a U (1) gauge symmetry to have only the B3 as a residual
discrete symmetry. In Section 4, we brieﬂy discuss the dark mat-
ter and other issues in our model where the R-parity is absent.
In Section 5, we qualitatively describe how the LHC phenomenol-
ogy of our model can be different from the typical SUSY search. In
Section 6, we describe the B4 for the 4th-generation scenario.
2. Baryon triality
B3 is a Z3 discrete symmetry suggested by Ibanez and Ross in
1992 as an alternative to R-parity [7]. It can avoid dimension 5
proton decay operators (such as Q Q Q L and UcUcDc Ec), which
are allowed by R-parity. Numerous theoretical and phenomeno-
logical studies for the models based on B3 have followed. (For
examples, see Refs. [8–15].)
The discrete charge of B3 is
B3: q = −B + 2Y mod3 (4)
where Y is hypercharge. (See Table 1 for the charges.) This estab-
lishes a selection rule B = 3 × integer, under which B can be
violated only by 3 × integer while L can be freely violated. Thus
the proton decay (B = 1 process) never occurs while the L vio-
lating processes can occur at the renormalizable level.
It is well known that B − L is the only anomaly-free U (1)
gauge symmetry unless exotic ﬁelds charged under the SM gauge
groups are added. A caveat is that this statement is true only for
the family-independent U (1) charges. Other U (1) symmetries are
possible when we allow family-dependent U (1) charges. Besides,
U (1)B−L cannot have the B3 as its remnant discrete symmetry.
Thus, there are two directions in gauging B3: (i) to allow exotic
fermions charged under the SM gauge groups, (ii) to allow family-
dependent U (1) charges.
Refs. [12,15] dealt with the exotic fermions case, keeping the
MSSM sector charges family-independent. In this Letter, we keep
the minimal particle contents, and generalize U (1) charges from
B − L to B − xi L (xi : family-dependent value) without adding
exotic ﬁelds. By the minimal particle spectrum, we mean the
same particle spectrum as the usual supersymmetric B − L model:
MSSM ﬁelds (including 3 right-handed neutrinos) plus an addi-
tional gauge boson (Z ′) and two Higgs singlets (S1, S2). Two Higgs
singlets with opposite charges can cancel the anomaly as two
Higgs doublets in the MSSM sector do.
Under B − xi L, the U (1) charges are
z[Q ] = −z[Uc]= −z[Dc]= B = 1/3, (5)
z[Li] = −z
[
Nci
]= −z[Eci ]= −xi L = −xi, (6)
z[Hu] = z[Hd] = 0 (7)Table 1
Various U (1) charges and discrete charges.
B − xi L 6Y (B − xi L) − 2Y B3 B4 BN LN
Q 1/3 1 0 0 0 0 0
Uc −1/3 −4 1 −1 −1 −1 0
Dc −1/3 2 −1 1 1 1 0
Li −xi −3 1− xi −1 −1 −1 −1
Nci xi 0 xi 0 0 0 1
Eci xi 6 xi − 2 −1 2 2 1
Hu 0 3 −1 1 1 1 0
Hd 0 −3 1 −1 −1 −1 0
S1 z[S1] 0 z[S1]
S2 −z[S1] 0 −z[S1]
and z[S1] = −z[S2] should be determined by the condition for the
U (1) to have a Z3 as its total remnant discrete symmetry as we
discuss in the following section.
The B − xi L is the same symmetry we used in Ref. [16]. There,
the goal was to take B−xi L as a gauge origin of the R-parity. Here,
we take it as a gauge origin of B3, which we regard as the only
remnant discrete symmetry. (Thus R-parity is not conserved.1)
3. Conditions for the minimal model of B3
We need to discuss the conditions for our B − xi L model with
the minimal particle contents (i) to be anomaly-free, and (ii) to
have B3 as the remnant discrete symmetry.
For example, [SU(2)L]2–U (1) anomaly-free condition (with N f
being the number of family) is
NC
N f∑
i=1
z[Q ] +
N f∑
i=1
z[Li] +
(
z[Hu] + z[Hd]
)
= 3× (N f × 1/3) −
N f∑
i=1
xi + (0+ 0)
= 0. (8)
The model is completely anomaly-free (for N f = 3) if
x1 + x2 + x3 = 3, (9)
which is required by [SU(2)L]2–U (1) and [U (1)Y ]2–U (1) anoma-
lies, while the other anomalies are automatically satisﬁed [16].
It is clear that B − L is the only family-independent choice (i.e.
x1 = x2 = x3) in the B − xi L.
Now we consider the conditions for our U (1)B−xi L to have the
B3 as its only remnant discrete symmetry.
When a U (1) gauge symmetry is spontaneously broken by a
vacuum expectation value (vev) of a Higgs singlet S , it leaves ZN
as a remnant discrete symmetry in general.
U (1) → ZN . (10)
The relation between the ZN and its U (1) gauge origin is given
as followings, after taking the integral U (1) charges (which are not
common multiples) by appropriate hypercharge shift and normal-
ization.
1. N = |z[S]| (or G.C.D. for multiple Higgs singlets).
2. q[Fi] = z[Fi]modN .
1 For a review of R-parity violation, see Ref. [17]. For the recent works in the
spontaneous R-parity violation, see Refs. [18–21].
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These conditions basically require every permitted operator
whose total U (1) charge is zero should also keep the total dis-
crete charge zero (up to modN), even after all the Higgs singlets
that break the U (1) gauge symmetry are replaced by their vevs.
The U (1) charges normalized to be integral since ZN charges
are integers. To keep the ZN irreducible, the integral U (1) charges
should not be common multiples, and since the hypercharge is in-
dependently conserved, it should be made sure that they are not
common multiples after any hypercharge shift.
A complete set of possible ZN discrete symmetry generators
for the MSSM ﬁelds was ﬁrst identiﬁed in Ref. [7]: AN , RN , LN .
Among these, AN is not compatible with the so-called μ-term
(HuHd), which should exist to explain the absence of the very light
chargino particle. In view of this, a generator of the most general
ZN for the MSSM can be written as, using the basis BN ≡ RN LN
instead of usual RN (see Refs. [13,22] for this convention),
gN = BbN LN (11)
with cyclic symmetries BN = e2π i
qB
N and LN = e2π i
qL
N [7]. The dis-
crete charges of BN and LN (qB and qL , respectively) are shown
in Table 1. The total discrete charge of ZN is q = bqB + qL modN ,
which can be written as q = −bB − L + 2bY modN .
For our B − xi L model, in order to have a Z3 as a total rem-
nant discrete symmetry, U (1) charges of the Higgs singlets should
satisfy (up to overall sign ﬂip)
z[S1] = −z[S2] = 3 (12)
as the aforementioned Relation 1 requires.
Complying the Relation 2, by equating (B − xi L) − 2Y mod3 to
B3 charges up to overall sign (see Table 1), requires xi mod3 = 0,
i.e.
xi = 3× integer (13)
in order to have B3 as the remnant discrete symmetry of the
U (1)B−xi L .
There are many possible choices of xi that can satisfy the re-
quired conditions:
xi = (0,0,3), (−3,6,0), (9,−3,−3), . . . . (14)
From Eqs. (12) and (13), we can see that some Nci can possess
the U (1) charges that would allow terms such as SNc or S SNc ,
which can induce vev in the scalar component of Nc (right-handed
sneutrino) in the absence of R-parity. When z[Nci ] = ±3, which is
the same as the z[S] required by Eq. (12), even a more econom-
ical particle spectrum without the need of two S ﬁelds might be
possible in a similar fashion investigated in Ref. [19].
4. Dark matter and neutrino mixing
In the absence of R-parity, the LSP is not a good dark matter
candidate in general. It is still possible to have a good dark matter
candidate without R-parity though. One possible way is to intro-
duce additional hidden sector ﬁelds that have charges only under
the U (1) gauge symmetry. It was illustrated for the case of the
family-independent U (1) charge case that the hidden sector ﬁeld
can be a stable dark matter candidate, which satisﬁes the con-
straints from the relic density measurement and direct detection
experiments [13,23].
Another dark matter candidate is the gravitino LSP (for instance,
see Ref. [24]). Especially, in the typical gauge mediated SUSY break-
ing scenario [25], the gravitino is much lighter than the other su-
perpartners due to the hierarchy between the messenger scale andPlanck scale. Because of the small coupling and mass, the gravitino
LSP may be still long-lived in the absence of the R-parity.
As discussed in Ref. [16], if all xi are different for all families
of leptons, the charged lepton mass matrix and the neutrino mass
matrix are both constrained to be diagonal unless additional Hig-
gses charged under the new U (1) are introduced. This constrained
the allowable xi severely.
Neutrino sector in our model is more complicated due to the
contributions from the L violating terms (λ, λ′ , μ′) [26,27]. With
the additional U (1) gauge symmetry, there are also possible mix-
ing terms with high dimensional operators [28,29]. The high di-
mensional operators might not provide dominant effect in the col-
lider phenomenology, but because of tiny neutrino masses, they
may be relevant in neutrino sector.
As an illustration, let us consider νe–ντ mixing in the xi =
(−3,6,0) model (where z[νe] = 3 and z[ντ ] = 0) through the ef-
fective trilinear λLLEc terms. They are given by
λi jk Li L j E
c
k
+
∑
n=1
[
λ
(+n)
i jk
(
S1
M
)n
+ λ(−n)i jk
(
S2
M
)n]
Li L j E
c
k
=
(
λi jk + λ(+1)i jk
S1
M
+ λ(−1)i jk
S2
M
+ · · ·
)
Li L j E
c
k (15)
with some mass parameter M , which gives an effective coeﬃcient
λeffi jk = λi jk + λ(+1)i jk
〈S1〉
M
+ λ(−1)i jk
〈S2〉
M
+ · · · . (16)
The λi jk , λ
(+1)
i jk , λ
(−1)
i jk , . . . cannot coexist. (If one of them is non-
zero, the remaining should be zero because of the invariance un-
der the U (1) gauge symmetry.) We need two λeff to form a loop
for the neutrino mixing. This can be achieved by one λeff from
λ
(+1)
123
S1
M L1L2E
c
3 term [with total U (1) charge (3)+ (3)+ (−6)+ (0)]
and the other from λ(+2)323 (
S1
M )
2L3L2Ec3 term [with total U (1) charge
2× (3) + (0) + (−6) + (0)]. This contribution to the νe–ντ mixing
would be absent in the R-parity conserving model.
Although some of the solutions in Eq. (13) may not be con-
sistent with neutrino data in the end, detailed analysis to see
whether realistic mixings consistent with the experimental data is
possible or not would be beyond the scope of this Letter. Besides,
details of the neutrino sector may alter if we add more ﬁelds or
interactions, while keeping the same residual discrete symmetry,
to address issues such as the dark matter and strong CP though
it might undermine the minimality of the particle spectrum. (For
instance, see Ref. [30].) Instead of constraining our solutions with
speciﬁc terms and ﬁelds, we ﬁnd it more useful to discuss the full
possibilities of the model at the LHC in the next section putting
aside detailed account of the neutrino data.2
5. Flavor-sensitive implications for the LHC
Because of the family-dependent U (1) charges in the lepton
sector, there are several sources of ﬂavor-dependent leptonic sig-
nals predicted for the LHC experiments. In addition to the ﬂavor-
dependent Z ′ couplings, there are L/B violating terms controlled
by the U (1).
SaHuLi : (allowed only for xi = ±3), (17)
λi jk Li L j E
c
k: (allowed only for xk = xi + x j), (18)
2 For a recent review on possible mechanisms for neutrino masses, see Ref. [31].
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c
k: (allowed only for xi = 0), (19)
λ′′i jk U
c
i D
c
j D
c
k: (all forbidden). (20)
Further, SM gauge invariances enforce certain antisymmetries in
the L/B violating couplings: λi jk = −λ jik , λ′′i jk = −λ′′ikj .
Most of the experimental bounds on the L/B violating coeﬃ-
cients are given in terms of the ratio to the superpartner masses.
Though constrained by various experiments, quite sizable cou-
plings are allowed. For superpartner masses at a few × 100 GeV,
universal L violating couplings (that is, the non-trivial small-
est in all combinations of i jk) as large as O(|λ|) ∼ 10−3 and
O(|λ′|) ∼ 10−4 are allowed. The constraints for individual λi jk and
λ′i jk (that is, for speciﬁc choices of i jk) can be much weaker.
For extensive table of bounds and the relevant experiments, see
Ref. [17].
In the rest of this section, we discuss some of the ﬂavor-
sensitive predictions of our model for the LHC experiments. We
limit our discussion only to the qualitative aspect such as which
channels are forbidden while which channels are allowed. If we
specify the gauge coupling constant and masses of particles, we
can get quantitative constraints on the model from the e–μ–τ uni-
versality [32], LEP contact interaction constraint [33], and Tevatron
dilepton resonance searches [34,35] and more. One can ﬁnd some
representative results of the U (1)B−xi L in Ref. [16] for a speciﬁc set
of parameter values. When each xi is different from one another,
the SUSY ﬂavor changing neutral current in the lepton sector (such
as μ → eγ , μ → ee¯e) can be forbidden by the U (1)B−xi L gauge
symmetry [16].
5.1. Dilepton Z ′ resonance at the LHC
Dilepton Z ′ resonance is one of the most direct consequences
of any U (1) gauge symmetry. As discussed in Section 1, the natural
scale of Z ′ is TeV scale in the SUSY framework.
The Z ′ coupling to lepton is ﬂavor-sensitive in the U (1)B−xi L .
• Br(Z ′ → e+e−) : Br(Z ′ → μ+μ−) = x21 : x22.
This means the ﬁrst Z ′ discovery may depend on the lepton ﬂavor.
For instance, with xi = (−3,6,0), the ee and μμ event rate
ratio via the Z ′ resonance is 1/4. The Z ′ would be discovered
by the muon detector much earlier than by the electromagnetic
calorimeter at the LHC experiments. There is no ττ resonance in
this example.
The SM background is negligible when we select only the
events whose invariant mass is near the Z ′ mass. Though it de-
pends on the size of couplings, typically we need only L ∼ 1 fb−1
(to see 10 events of the dilepton resonance) for MZ ′ ∼ 1 TeV [16],
which satisﬁes the Tevatron limit on MZ ′ [34,35] for a given cou-
pling.
For some other models where the ﬂavor-dependent Z ′ reso-
nances were discussed, see Refs. [16,36–38].
5.2. Dilepton ν˜ LSP resonance at the LHC
Dilepton sneutrino (ν˜) LSP resonance is one of the typical chan-
nels for SUSY search in the absence of the R-parity. The sneutrino
can be produced at the LHC by λ′LQ Dc term and it can decay into
two charged leptons by λLLEc term (Fig. 1(a)).
For the simplicity, we will assume only the LSP case when we
consider a sneutrino resonance. Otherwise, the dilepton branching
ratio of the sneutrino would be diluted by the decay to the LSP
plus SM particles.Fig. 1. Complementarity between (a) the 2-lepton ν˜ resonance (with z[ν˜] = 0) and
(b) the 4-lepton Z ′ resonance (with z[ν˜] = 0) in the SUSY search.
Under U (1)B−xi L , existence of some couplings depends on lep-
ton ﬂavors.
• ν˜ production: Presence of λ′i jk Li Q j Dck requires the sneutrino
ν˜i to have 0 charge (z[Li] + 1/3− 1/3 = 0).
• ν˜ decay: Presence of λi jk Li L j Eck requires the same charges for
leptons  j and k (0+ z[L j] + z[Eck] = 0).
This means, unlike usual R-parity violating models, some ν˜ reso-
nances may be forbidden in our model.
For instance, with xi = (−3,6,0) and ν˜τ LSP, diagonal reso-
nances ν˜ → ee (by λ311 = −λ131) and μμ (by λ322 = −λ232) are
allowed, yet off-diagonal resonances ν˜ → eμ (by λ312 = −λ132) are
forbidden. Similarly, there are no τe, τμ, ττ resonances in this ex-
ample.3
Interestingly, the allowed ﬁnal states (e+e− and μ+μ− only)
are the same as the dilepton Z ′ resonance case in this example.
The spin of the intermediate particle (ν˜ or Z ′) can be identiﬁed
from the angular distribution of the leptons though. (For example,
see Ref. [41] and references therein.)
The sneutrino LSP at the LHC has been studied in the literature.
(For instances, see Refs. [14,42,43]). In Ref. [14], they obtained the
sneutrino production cross section σ(pp → ν˜ + X) ∼ 106 fb with
λ′ ∼ 0.1 for a choice of mSUGRA benchmark scenario.
Since some of the λ′ should exist for the sneutrino production,
the ν˜ LSP branching ratio to the dilepton decay through λ is di-
luted by the diquark decay through λ′ . Since the bounds on the
individual λ (for speciﬁc i jk values) are not severely constrained
and they can be even weaker for heavier superparticle masses, it
may be still possible to have relatively large λ values that can pro-
vide considerable dilepton branching ratio though it would call for
a detailed simulation to make a quantitative prediction. For an ex-
ample of the numerical study on the dilepton sneutrino resonance
at the LHC, see Ref. [43].
5.3. Complementarity between the ν˜ and Z ′ resonances at the LHC
While the dilepton sneutrino LSP resonance is a good channel
to search for the SUSY without R-parity, the sneutrino cannot be
produced at the LHC unless its U (1) charge is zero in our model.
What would be an alternative way to search for the SUSY in this
case?
Although the ν˜ with nonzero U (1) charge cannot be produced
directly from quarks, its coupling to Z ′ is guaranteed. The Z ′ can
decay into a pair of the ν˜ LSP, and each ν˜ LSP can decay into
2 charged leptons through the λ coupling (Fig. 1(b)). If the Z ′ is
heavy enough, everything will be on-shell and there will be a 4-
lepton resonance. Thus, we can ﬁnd a complementarity between
the ν˜ resonance and the Z ′ resonance in SUSY search at the LHC.
3 The off-diagonal dilepton ν˜ resonance is possible only for xi = (0,0,3) and its
permutations. This charge assignment is basically the same as Refs. [30,39,40]. In
that case, the model can have B3 under which the proton never decays.
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Some examples of contrasting SUSY search channels at the LHC in the minimal B3 model (with the ν˜ LSP). Only the light lepton (e,μ) ﬁnal states are considered. It is
indicated as “forbidden” when the ν˜ LSP production is not allowed by the new U (1) gauge symmetry. It is indicated as “τ -included” when the ﬁnal leptons always include τ .
x1, x2, x3 LSP 2-lepton ν˜ LSP resonance 4-lepton Z ′ resonance (via ν˜ LSP)
0, 0, 3 ν˜e (z[νe] = 0) ν˜e → eμ,μμ forbidden
ν˜μ (z[νμ] = 0) ν˜μ → ee, eμ forbidden
ν˜τ (z[ντ ] = 0) forbidden Z ′ → ν˜τ ν˜∗τ → (τ included)
0, 3, 0 ν˜e (z[νe] = 0) ν˜e → μμ forbidden
ν˜μ (z[νμ] = 0) forbidden Z ′ → ν˜μν˜∗μ → eμ + eμ
ν˜τ (z[ντ ] = 0) ν˜τ → ee,μμ forbidden
3, 0, 0 ν˜e (z[νe] = 0) forbidden Z ′ → ν˜e ν˜∗e → eμ + eμ
ν˜μ (z[νμ] = 0) ν˜μ → ee forbidden
ν˜τ (z[ντ ] = 0) ν˜τ → ee,μμ forbidden
−3, 6, 0 ν˜e (z[νe] = 0) forbidden Z ′ → ν˜e ν˜∗e → (τ included)
ν˜μ (z[νμ] = 0) forbidden Z ′ → ν˜μν˜∗μ → (τ included)
ν˜τ (z[ντ ] = 0) ν˜τ → ee,μμ forbidden
−3, 0, 6 ν˜e (z[νe] = 0) forbidden Z ′ → ν˜e ν˜∗e → eμ + eμ
ν˜μ (z[νμ] = 0) ν˜μ → ee forbidden
ν˜τ (z[ντ ] = 0) forbidden Z ′ → ν˜τ ν˜∗τ → (τ included)
0, −3, 6 ν˜e (z[νe] = 0) ν˜e → μμ forbidden
ν˜μ (z[νμ] = 0) forbidden Z ′ → ν˜μν˜∗μ → eμ + eμ
ν˜τ (z[ντ ] = 0) forbidden Z ′ → ν˜τ ν˜∗τ → (τ included)• Direct ν˜ production (qq¯ → ν˜): z[ν] = 0.
• ν˜ production via Z ′ (qq¯ → Z ′ → ν˜ν˜∗)4: z[ν] = 0.
When Eq. (18) is combined with the anomaly-free condition (9),
it follows that a λi jk term is allowed only when either [xi = 0
and k = j] or [x j = 0 and k = i] is satisﬁed. It means that mod-
els without vanishing U (1) charge for a lepton ﬂavor, such as xi =
(9,−3− 3), would not show the aforementioned complementarity.
Then it can be derived that the x1 = 0 case has only λ122 = −λ212
and λ133 = −λ313 as nonvanishing λ terms. (Similarly, the x2 = 0
case with only λ211 = −λ121 and λ233 = −λ323 terms, and the
x3 = 0 case with only λ311 = −λ131 and λ322 = −λ232 terms.)
Table 2 shows some examples containing vanishing xi values in
the SUSY search at the LHC with the ν˜ LSP. It contrasts the dilepton
ν˜ LSP resonance and the 4-lepton Z ′ resonance.
The 4-lepton Z ′ resonance was ﬁrst studied in Ref. [44] in the
family-independent charge case for the MSSM sector with exotic
quarks. The complementarity between the ν˜ and Z ′ resonances
is absent there though because λ and λ′ are switched on/off by
a U (1) only simultaneously in the family-independent case. The
numerical result of Ref. [44] indicates, however, that the 4-lepton
resonance signal at the LHC can be quite sizable.
The 6-lepton Z ′ resonance discussed in Ref. [45] is absent in
the B − xi L model since Higgs doublets have zero U (1) charges.
6. Baryon tetrality for the four fermion generations case
In this section, we turn our attention to the 4th-generation
fermion scenarios. Recently, there has been ample interest in the
4th-generation models in many aspects including the electroweak
precision test [46–48]. In this view, it would be appropriate to ex-
tend our discussion to the possible 4th-generation scenarios.
Following the procedure described in Section 3, it is straightfor-
ward to see what are the conditions to have the minimal B − xi L
and the counterpart of B3 residual discrete symmetry for the 4th-
generation scenario. The conditions similar to Eqs. (9), (12), (13)
are
4 Note that 4-leptons are produced by the λi jk Li L j Eck terms only when they sat-
isfy the condition (18) of xk = xi + x j . Therefore, the complementary SUSY search
by the 4-lepton resonance holds only when this condition is satisﬁed.x1 + x2 + x3 + x4 = 4 (anomaly cancellation), (21)
z[S1] = −z[S2] = 4 (total Z4 symmetry), (22)
xi = 4× integer (Z4 = B4), (23)
respectively, in the 4th-generation scenario.
We shall call the resulting discrete symmetry B4 or baryon
tetrality, which has the discrete charge of
B4: q = −B + 2Y mod4. (24)
It has a selection rule of B = 4 × integer, which forbids proton
decay (B = 1 process).
While it is possible to have the B3 and R-parity from the same
gauge origin with Z6 = B3 × R2 [16], it is not possible to have
the B4 and R-parity from the same gauge origin. It is because
ZN = Zn × Zm requires n and m to be coprime to each other. Since
it is rather straightforward to extend the LHC phenomenology of
Section 5 to the 4th-generation case, we will not discuss it in this
Letter.
Though we have discussed the B3 and B4 in the SUSY frame-
work, the absolute proton stability under these symmetries does
not require the SUSY. In Ref. [49], B − 4L4 gauge symmetry was
suggested as an auxiliary symmetry of the 4th-generation scenario
in the non-SUSY framework. There, it demanded 4th-generation
Majorana neutrino mass term SNc4N
c
4 in order to address the dark
matter issue with the 4th-generation right-handed neutrino, which
cannot satisfy Eq. (22).
If we do not consider the 4th-generation right-handed neu-
trino as a dark matter candidate, however, U (1)B−4L4 can satisfy
all conditions (21), (22), (23) and have the B4 as a residual dis-
crete symmetry. Further, since the B − 4L4 does not particularly
require the existence of the right-handed neutrinos for the three
SM generations while having a heavy neutrino, the mechanism of
Ref. [50] might be able to produce the necessary neutrino masses
without introducing the three SM right-handed neutrinos.
7. Conclusion
We presented the minimal supersymmetric model with an ex-
tra U (1) gauge symmetry containing the baryon triality or B3 as
its only remnant discrete symmetry. With B3, proton stability is
H.-S. Lee / Physics Letters B 704 (2011) 316–321 321guaranteed without R-parity, but the lepton number violating in-
teractions are allowed at the tree level.
Demand of the minimal particle content requires U (1) charges
to be family-dependent. This leads to a ﬂavor-dependent phe-
nomenology at the LHC. Interestingly, there is a complementarity
between the 2-lepton resonance and the 4-lepton resonance in the
SUSY search when a condition for the relevant λ to exist is satis-
ﬁed. Thus, this model suggests a connection between the proton
stability and the ﬂavor physics in the SUSY framework.
We also extended our discussion to the four fermion genera-
tions case and introduced the baryon tetrality or B4, which would
play a similar role as the B3 in the 4th-generation case.
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